We study the possibility of evading astrophysical bounds on light pseudoscalars by not restricting ourselves to the QCD axion. We argue that the solar bounds can be evaded if we have a sufficiently strong self coupling of the pseudoscalars and their coupling to electrons. The required couplings do not conflict with any known experimental bounds. We also require a small density of pseudoscalar particles inside the sun. We show that it is possible to find a coupling range such that the results of the recent PVLAS experiment are not in conflict with any astrophysical bounds.
Introduction
In a recent paper, Zavattini et al. [1] have reported a rotation of polarization of light in vacuum in the presence of a transverse magnetic field. If we interpret this rotation in terms of the coupling of a light pseudoscalar particle to photons L φγγ = 1 4M φ φF µνF µν (1) we find that the allowed range of parameters is 1 × 10 5 GeV ≤ M φ ≤ 6 × 10 5 GeV and 0.7 meV ≤ m φ ≤ 2 meV [1] , where m φ is the mass of the pseudoscalar. This range of parameters do not conflict with any laboratory bounds [2] . However these values are ruled out by astrophysical considerations [3] if we assume that the pseudoscalar is an axion. For a review of axion physics see, for example, Ref. [4] . The most stringent astrophysical limit comes from SN1987A which suggests that the mass of the axion cannot be greater than 0.01 eV [5] . Assuming that this particle is an invisible axion, this in turn implies an upper bound on the coupling,
upto a model dependent factor of order unity. The limit on the axion mass arises by demanding that axion emission should not lead to too much energy loss from the core. Similar but less stringent limits can be obtained by considering energy loss from the core of the sun. The coupling, Eq. 1, also leads to several interesting astrophysical polarization effects [6] . For standard axion, its mass and coupling to photons are both related to the Peccei-Quinn scale [7] . It is clearly of interest to see if the astrophysical bound can somehow be evaded [8, 9] . All the astrophysical bounds assume that the pseudoscalar couplings are so small that once produced it will freely escape from the source, which may be the sun or a red giant or a supernova. In the present paper we examine whether the pseudoscalar particles might be trapped inside the sun.
Here we do not treat the pseudoscalar as the standard axion and assume that its couplings to different particles are independent parameters.
Trapping Pseudoscalars
We assume the following interaction lagrangian of pseudoscalars,
Here we have also included the self coupling of the pseudoscalars. The interaction lagrangian is parity violating, irrespective of whether we assume φ to be a scalar or a pseudoscalar. Here we shall assume that φ is a pseudoscalar. In that case the parity violating couplings are g V and λ ′ . We are allowed to include these parity violating couplings since parity is not a symmetry of nature. For the usual QCD axion, the g V coupling would be absent. Astrophysical processes also give a bound on g A in this case. One finds g A < 0.80 × 10 −10 [10] , assuming the pseudoscalar to be an invisible axion with mass 1 eV. Laboratory bounds on this coupling also exist if we assume a very small mass of the pseudoscalar, i.e. if m φ ≤ 10 −6 eV [11] . We point out that the self couplings are, however, completely unconstrained. We consider three different processes in order to determine if light pseudoscalars can be trapped inside the sun.
1. conversion of axions to photons by a Primakoff like process, φ + X → γ + X ′ , where X represents a target ion or an electron. 
conversion of axions to photons by a Compton like process
3. interaction of the pseudoscalars with other pseudoscalars inside the sun due to self coupling.
We first consider the Primakoff like process. The corresponding Feynman diagram is shown in Fig. 1 . The energy dependence of the cross section for this process is given in Fig. 2 . Here the value of the pseudoscalar coupling to photons has been taken from data [1] . We may now estimate the mean free path for the pseudoscalars inside the sun. The average temperature in the sun's core is approximately 1.7 × 10 7 K . As we mentioned earlier, pseudoscalars are produced in this medium by a Primakoff like process due to the scattering of light on a target ion or an electron. The energy of pseudoscalars produced is roughly 800 eV. The scattering cross section of the pseudoscalar at this energy due to the process shown in Fig. 1 is approximately 2.1 × 10 −12 GeV −2 . We consider the production of pseudoscalars from the sun's core, which we take to be one-fifth of the solar radius. The mean density in this region is approximately 60 gm/cm 3 . The corresponding mean free path L = 1 σn , where n is the number density of target particles in the medium, is approximately 3.7 × 10 13 cm. This is nearly three orders of magnitude larger than the radius of the sun, R ⊙ = 6.95 × 10 10 cm. Hence this process is not able to trap pseudoscalars inside the sun.
We next consider the Compton like process for which the Feynman dia- Pseudoscalar Energy In GeV Figure 2 : Cross section for Primakoff type process (see Fig. 1 ) for the conversion of pseudoscalars to photons.
gram is shown in Fig. 3 . The corresponding amplitude square is [12] ,
We find the cross section
where r = E k me , and m e is the electron mass. To get an estimate of the mean free path, we shall put r = 1.6 × 10 −3 which is obtained by taking pseudoscalar energy equal to 800 eV, relevant for the Sun's interior. This gives the Compton cross section
For trapping pseudoscalars inside the Sun's core we require that the mean free path L = 1 σn < 0.2R ⊙ . This condition gives us a lower bound on the coupling g A , g A ≥ 4.7 × 10 −4 .
γ(k ′ ) Cross Section In GeV -2 Pseudoscalar Energy In GeV Figure 4 : Cross section for Compton type process (see Fig. 3 ) for the conversion of pseudoscalars into photons. Here the pseudoscalar electron coupling g V = 10 −6 and g A = 0.
Here we require a somewhat large coupling in order to trap pseudoscalars inside the sun since the cross section decays in the non-relativistic limit. Such a large coupling might be ruled out by other laboratory considerations.
In particular it may give a significant contribution to the anomalous magnetic moment of the electron. We require that its contribution has to be less than the experimental error 0.38 × 10 −12 [5] . We expect a contribution due to this coupling of order α A = g 2 A /4π which is clearly larger than the experimental error.
We next consider the contribution to the Compton type process from the coupling g V . The cross section in this case is plotted in Fig. 4 as a function of the energy of the pseudoscalar. In Fig. 4 we have taken the value of the dimensionless coupling constant, g V = 10 −6 . From the graph we see that for pseudoscalar energy of 800 eV, the cross section is 3.71 × 10 −8 GeV −2 . This yields the value 2.1×10 9 cm for the mean free path 1 σn in the sun's core, whose radius is taken to be one-fifth of the sun's radius. We find that the mean free path in this case is smaller than 0.2R ⊙ by almost an order of magnitude. In Fig. 5 we plot the mean free path of the pseudoscalar inside the sun as a function of the coupling constant g V , keeping the pseudoscalar energy fixed at 800 eV. We find that if the coupling is greater than 3.9 × 10 −7 then the mean free path of the pseudoscalar particle inside the sun is less than one fifth of the radius of the sun. Hence we see that this process can trap pseudoscalars inside the sun even for relatively small values of the coupling g V . The contribution of this coupling, g V ∼ 10 −6 , to the anomalous magnetic moment of the electron is of order 10 −13 and hence is smaller than the error in its measurement. Since this coupling is able to trap pseudoscalars inside the sun's core, they will also be trapped inside red giants and supernova cores, whose cores have much higher density than that of the sun. Hence we are able to evade all astrophysical limits in this manner. The large value of the coupling g V , however, may be ruled out by other astrophysical considerations. This coupling may lead to a significant flux of pseudoscalars in the region r > 0.2R ⊙ inside the sun due to scattering of photons from a target electron by a Compton like process. In this region the density is small and the pseudoscalars can escape easily. Hence this region will cool very rapidly for g V of the order to 10 −6 and will again disturb the solar evolution. In order to avoid such a conclusion we next consider the possibility that there exists a small density of pseudoscalars inside the sun. This can considerably change the propagation of pseudoscalars inside the sun due to their self couplings, λ and λ ′ , of the pseudoscalar field. These couplings are completely unconstrained experimentally. These couplings can considerably enhance the time pseudoscalars spend inside the sun if the solar pseudoscalar density is nonzero.
We ignore the coupling λ ′ and consider the contribution to the scattering φ(p 1 )φ(p 2 ) → φ(p 3 )φ(p 4 ) due to the φ 4 coupling at leading order in perturbation theory. The cross section is given by
Since in this case the coupling can be of order one and for sun the typical center of mass energy E cm < 1 KeV, the cross section can be fairly large. Let n φ be the density of pseudoscalars inside sun's core. This component may build up during the sun's evolution due to interaction of the pseudoscalars with other particles as well due to their self couplings and may eventually reach steady state. We do not solve the evolution equations in this paper and restrict ourselves to simple estimates. We determine the density of pseudoscalars required such that the mean free path due to its self coupling is much smaller than the solar radius. By requiring that 1/(n φ σ φφ ) < 0.1R ⊙ , we find n φ > 3 × 10 −36 GeV 3 , where we have set λ = 1 and E cm = 1 KeV. Hence the density of pseudoscalar particles required to significantly change the propagation of pseudoscalars from the sun is almost nineteen orders of magnitude smaller than the proton density. It remains to be seen whether even such small densities of pseudoscalars are feasible. If n φ = 0, it significantly increases the time that a pseudoscalar will spend inside the sun due to the scattering process φ(p 1 )φ(p 2 ) → φ(p 3 )φ(p 4 ). Due to this increased time interval the probability that a pseudoscalar may convert into a photon by scattering against a background electron inside the sun is considerably enhanced. The pseudoscalar now does a random walk inside the sun due to multiple scatterings on target pseudoscalars and then converts back into a photon. By a suitable choice of the background pseudoscalar density we can clearly evade all astrophysical limits in this manner.
We next determine the density of pseudoscalars required such that the pseudoscalars emitted outside the core of the sun may also be trapped. The mean density of the sun is roughly 1 gm/cm 3 . This gives the mean free path for a pseudoscalar to convert into a photon, using g V = 10 −6 , of the order of L ∼ 10 11 cm, which is larger than the solar radius. We require that the distance D travelled by the pseudoscalar inside the sun due to its random walk is atleast 10 times larger than L. The maximum value of D ∼ R 2 ⊙ /l, where l is the mean free path due to its scattering on the background pseudoscalars. Setting D = 10L, we find that l ∼ 0.1R ⊙ . This is precisely the condition we also required above to estimate the pseudoscalar density. Hence we find that if the density of pseudoscalars n >> 3 × 10 −36 GeV 3 , it can significantly alter the emission rate of pseudoscalars from the sun and evade astrophysical limits on the pseudoscalar couplings. Similar pseudoscalar densities may be required in red giants and supernovae to trap pseudoscalars emitted outside the core regions in these objects. We postpone a detailed study of these objects to further research.
Conclusions
In conclusion we find that it is possible to evade all astrophysical limits on pseudoscalar photon coupling if we allow for a non zero density of pseudoscalars inside the sun and demand that their coupling g V to electrons is of the order of 10 −6 . The self coupling of pseudoscalars then confines them inside the sun and the coupling g V allows an efficient conversion of pseudoscalars back into photons. The coupling g V and the self couplings are allowed if we do not restrict ourselves to the standard axion models. The couplings do not conflict with any known limits. Hence the results of the PVLAS experiment are not really in conflict with astrophysical observations.
